With normal rat kidney cells in monolayer culture, we have studied the distribution on the cell surface of receptors for concanavalin A, and the distribution of the smooth muscle myosin-like protein inside the same cell, using specific fluorescence microscopic methods. The concanavalin A receptors were initially uniformly dispersed over the cell surface, but 20 min after the addition of concanavalin A at 370, the receptors showed a variety of nonuniform surface distributions, including extended parallel linear arrays. These arrays of receptors were found to be superimposed on the linear arrays of the intracellular myosin-containing filaments, indicating that a transmembrane linkage of the receptors and the filaments had occurred. This linkage required a lateral redistribution of concanavalin A receptors, since it did not occur with succinylated concanavalin A, but was subsequently induced if the cells that had been reacted with succinylated concanavalin A were then treated with antibodies to concanavalin A. The redistributions of concanavalin A receptors on the surfaces of these normal rat kidney cells, however, were much less extensive than the patching that was induced on the surfaces of the same cells infected with, and transformed by, Rous sarcoma virus. The concept of transmembrane control-that cell surface molecules can interact with structural elements in the cell interior-has been the subject of much experimentation and discussion (for reviews, see refs. 173). Almost all of the experimental evidence supporting this concept, however, is indirect, much of it involving inferences drawn from the effects produced by drugs such as colchicine and cytochalasin B on the lateral mobility of cell surface receptors. In this paper, direct evidence is provided for such transmembrane interactions in a line of normal rat kidney (NRK) cells in monolayer culture. We have studied the distribution on the cell surface of receptors for concanavalin A (Con A) and of the smooth muscle myosin-like protein inside the cell (4-6). These distributions were determined simultaneously on the same cell by fluorescence microscopy, using fluorescein-conjugated Con A(FI-Con A) to detect the Con A receptors, and an indirect rhodamine immunofluorescence method for the myosin. Initially the Fl-Con A was found to be uniformly dispersed over the cell surface, while the intracellular myosin was organized into extended filamentous structures. After 20 min at 370, however, the FlCon A showed a variety of nonuniform distributions, ranging from a mottled pattern to extended parallel linear arrays. In the latter case, the linear arrays of Con A receptors were superimposable on the linear arrays of the intracellular myosin-containing filaments, strongly suggesting that the receptors and the filaments had become physically linked. These observations are relevant to our recently published comparative study (7) (7).
discussion (for reviews, see refs. 173). Almost all of the experimental evidence supporting this concept, however, is indirect, much of it involving inferences drawn from the effects produced by drugs such as colchicine and cytochalasin B on the lateral mobility of cell surface receptors. In this paper, direct evidence is provided for such transmembrane interactions in a line of normal rat kidney (NRK) cells in monolayer culture. We have studied the distribution on the cell surface of receptors for concanavalin A (Con A) and of the smooth muscle myosin-like protein inside the cell (4) (5) (6) . These distributions were determined simultaneously on the same cell by fluorescence microscopy, using fluorescein-conjugated Con A(FI-Con A) to detect the Con A receptors, and an indirect rhodamine immunofluorescence method for the myosin. Initially the Fl-Con A was found to be uniformly dispersed over the cell surface, while the intracellular myosin was organized into extended filamentous structures. After 20 min at 370, however, the FlCon A showed a variety of nonuniform distributions, ranging from a mottled pattern to extended parallel linear arrays. In the latter case, the linear arrays of Con A receptors were superimposable on the linear arrays of the intracellular myosin-containing filaments, strongly suggesting that the receptors and the filaments had become physically linked. These observations are relevant to our recently published comparative study (7) of the distributions of Con A receptors and myosin-containing structures in NRK cells infected with Rous sarcoma virus. MATERIALS (7) .
Protein Modification. Fl-Con A was prepared as described (7) . Succinylated Con A (Suc-Con A) was a single-stage modified product (9) prepared by Dr. Randy Schekman and characterized elsewhere (10) . Rhodamine B conjugation of goat antibody against rabbit IgG was done by the method of Fothergill (11) , who kindly supplied the rhodamine sample and assisted in making the conjugate.
Cell Staining. For Con A and Suc-Con A staining, coverslip cultures in 35-mm dishes were first rinsed three times with serum-free Dulbecco's modified Eagle's medium, then incubated with 1 ml of the medium containing 50 ug of either FlCon A or Suc-Con A for 20 min at 37°. After being rinsed three times, they were then fixed with 2% formaldehyde in phosphate-buffered saline at room temperature for 20 min (7). In order to determine the effect of antibodies against Con A on the distribution of surface-bound Suc-Con A, some cultures that had been treated with Suc-Con A were not fixed, but were reacted for an additional 20 min at 370 with 1 ml of 100 gtg/ml of a rabbit IgG fraction containing antibodies against Con A in modified Eagle's medium, and were then rinsed and fixed.
After fixation, the cells were rinsed with several changes of phosphate-buffered saline for 20 min, one change containing 50 mM NH4Cl to quench any unreacted aldehyde groups. To visualize the distribution of Suc-Con A, cells that had been reacted with Suc-Con A and were then fixed were treated successively with rabbit antibodies against Con A and fluorescein-conjugated goat antibodies against rabbit IgG; whereas cells that had been reacted with Suc-Con A and rabbit antibodies against Con A, and were then fixed, were treated only with the fluorescein-conjugated goat antibodies. If myosin or microtubules were to be stained, the cells were then frozen and thawed to render them permeable to antibodies. Indirect immunofluorescent staining of myosin with rabbit antibody against human uterine myosin or of microtubular protein with rabbit antibody against chick brain tubulin (a generous gift of Dr. Melvin Simon) was done as described (7), except that rhodamine-conjugated goat antibody against rabbit IgG was used instead of the fluorescein conjugate.
In all of these experiments the modified Eagle's medium used in ligand binding and for rinsing was first equilibrated with 10% CO2 at 37°. Colchicine treatment was effected by adding M colchicine in growth medium to the cells, and continuing culture at 370 for 1-2 hr before any other additions were carried out. Colchicine (10-5 M) (7) . Along with the filaments there were present sheet-like or striped patterns ( Fig. la) , which we described earlier (7) . Treatment of cells with Con A or with colchicine had no obvious effects on these patterns.
Con A Patterns. Shortly after the addition of Fl-Con A to the cells, the fluorescence was uniformly dispersed over the cell surface with no discernible structure (Fig. lb) . After 20 min of incubation at 370, however, careful observation revealed that the surface distribution of Fl-Con A was no longer completely uniform on most cells. A mottled distribution of fluorescence was commonly observed (Fig. 2b) . Furthermore, on about 10% of the cell surfaces, the fluorescence was seen in extended linear arrays (Figs. 2b and 3b) . The mottled and linear patterns were often seen on different areas of the same cell surface (Fig. 2b) . Photographing such linear arrays was difficult if the cell was rounded because only limited areas could be in focus at one time. These patterns were the same whether or not staining for intracellular myosin was carried out on the cells. (Fig. 4b) , as we described earlier for transformed cells (7) . The myosin staining patterns were largely disorganized compared to normal NRK cells (7) .
Simultaneous Observation of Fl-Con A and Myosin. When cells treated with Fl-Con A for 20 min were then stained for myosin, in those cases where extended linear arrays of the Fl-Con A were observed, there was a remarkable similarity between these arrays and the filamentous myosin patterns. Two examples of this are presented in Figs. 2 and 3 . Extensive portions of the Fl-Con A and of the myosin arrays were superimposable by visual inspection, as was confirmed by analysis in the 12S Mini-Addcol Viewer.
Effects of Sue-Con A. Treatment of cells with Suc-Con A for 20 min at 370 resulted in a uniform distribution of this ligand on the cell surface. No mottling or linear arrangements were seen. However, if the cells treated with Suc-Con A for 20 min were then further reacted with rabbit antibodies against Con A for 20 min, there was significant rounding of the cells which was accompanied by a redistribution of the Suc-Con A as detected by immunofluorescence. The severe rounding of the cells made observation difficult, but mottled and linear patterns could now be seen on these cell surfaces (Fig. 5, arrows) .
Effects of Colchicine and Cytochalasin B. Colchicine treatment (10-5 M) of NRK cells for 1-2 hr eliminated the FIGS. 1-4 (on preceding page). Figs. 1-3 . Fluorescence patterns of the distribution of (a) the intracellular smooth muscle myosin-like protein (as visualized by rhodamine immunofluorescence) and (b) the surface receptors for Con A (as visualized by Fl-Con A) on the same NRK cell in each a, b pair. (Fig. 1) The patterns are those observed initially. (Figs. 2 and 3 ) Two examples of patterns observed after 20-min incubation with the Fl-Con A at 37°. The intracellular myosin is mostly arranged in extended filamentous arrays both initially (la) and after the 20-min incubation (2a and 3a). The Con A receptors are initially (lb) dispersed uniformly over the cell surface, but 20 min after the addition of Fl-Con A (2b and 3b), the receptors are no longer uniformly dispersed, but show a mottled distribution (M in 2b) or extended linear arrays (arrows). The linear arrays of myosin (3a) and of Con A receptors (3b) are mostly superimposable. In each a, b pair, the photographs were made by changing filters without changing focus. X600. 
DISCUSSION
The binding of Con A to the surface of an NRK cell induced the Con A receptors, originally dispersed uniformly over the surface, to redistribute to a limited extent. The distribution that resulted ranged in orderliness from a mottled pattern (Fig. 2b) to a highly structured one consisting of extended linear arrays (Figs. 2b and 3b ). These two patterns, often seen on adjacent portions of the same cell surface, varied in relative proportion from cell to cell in a culture. This variability is not due to cellular heterogeneity in the NRK line. It may reflect metabolic differences in the cell population, such as cell cycle differences; or, as we are more inclined to think, it may reflect different states of perfection of the same ordering process. In cases where the extended linear arrays of Con A receptors were especially clearly defined, they lined up precisely over the myosin-containing filaments inside the cell. This strongly suggests that under these circumstances, repeating physical linkages were formed which extended from the Fl-Con A molecules, at the cell surface, through its receptors in the membrane, to components in the myosin-containing filaments inside the cell. These linkages may include other intervening components as well.
The extended linear arrangements of Con A receptors arose only after tetravalent Con A was specifically bound to the cell surface. Divalent Suc-Con A did not serve this function, but if antibodies against Con-A were added to the cells treated with Suc-Con A, the linear arrangement of receptors was induced (Fig. 5) . This suggests that some surface redistribution of the Con A receptors, and not just ligand attachment to them, is critical for the transmembrane linkage to be formed.
Microtubules are not involved in this phenomenon. The addition of lo-5 M colchicine, which disrupted the microtubule assemblies, had no discernible effect on the myosin-containing filaments, nor on the Con A-induced linkage of Con A receptors to the filaments. A number of mechanisms can be entertained to explain these effects. The Con A-induced clustering of the Con A receptors might induce some enzymatic or permeability changes in the membrane; altered concentrations of some enzyme product or permeant species might then affect the characteristics of the myosin-containing filaments so that they become linked to the receptors. Alternatively, the clustering of the receptors might change the properties of the receptor molecules, allowing them to become linked to the filaments. There is insufficient information available at present to discriminate between these or other possible mechanisms.
These limited redistributions of Con A receptors that are induced on the surfaces of NRK cells are to be contrasted with the much more profound Con A-induced redistributions of receptors that occur on transformed cells (7, (14) (15) (16) (17) (18) . Such redistributions result in large patches of Fl-Con A on the cell surface. An example of such patching is shown in Fig. 4b , 20 min after the addition of Con A to an NRK cell infected with the B77 strain of Rous sarcoma virus. In a companion study (7) with NRK cells infected with a temperature-sensitive mutant (LA 23) of Rous sarcoma virus, it was found that there was a correlation between the integrity of the myosin-containing filaments and the mobility of Con A receptors on the cell surface. At permissive temperatures, the infected cells exhibited the transformed phenotype: the intracellular myosin filaments were disrupted and the Con A receptors could be clustered into large patches upon the addition of Con A. At nonpermissive temperatures, the myosin-containing filaments were intact, and Con A could not induce a patching of its receptors. The results of the present study strongly support the conclusion reached earlier (7), namely, that the mobility of Con A receptors in the plane of the membrane is physically determined by the integrity of the myosin-containing filaments in these infected NRK cells.
Do these transmembrane linkage effects occur with Con A receptors on cells other than the NRK line, or with other ligand-cell interactions? It is possible that a very similar phenomenon arises upon binding Con A to cultured rat myoblasts (19) . In these studies, the lateral mobility of Fl-Con A on the surface of the myoblasts was measured by photobleaching experiments, in which the rate of recovery of fluorescence was observed in a small region of the cell surface that was initially photobleached. Among the observations made were that: (i) immediately after the attachment of the fluorescent Con A to the cell surface, the lateral mobility of the Con A at 230 was appreciable, but decreased markedly by 20 min later; (ii) Suc-Con A had a much larger lateral mobility than Con A after 20 min of attachment; and (iii) colchicine had no effect on these phenomena. These results can be explained, if, by analogy to our observations with NRK cells, the Con A receptors were originally freely mobile in the membrane, but upon binding tetravalent Con A, became redistributed and linked over a period of 20 min to myosin-containing filament networks underneath the membrane.
In other studies with lymphocytes (20, 21) it has been shown that relatively large amounts Con A bound to the cell surface inhibit the capping that is produced by smaller amounts of Con A. These large amounts of Con A also inhibit the capping of several other receptors which is produced by their respective antibodies. These immobilization effects are fairly specific for Con A, and do not occur with the other receptor-ligand interactions. These effects may involve a transmembrane linkage of Con A receptors to myosin-containing intracellular filaments that is induced upon binding sufficiently large amounts of Con A to the lymphocyte surface. In this case, however, these receptor immobilizations are reversed by the addition of colchine, and as a result, microtubules have been implicated in these lymphocyte surface effects. It may be that the intracellular myosin-containing filaments in lymphocytes are less extensive than in the NRK cells, and are in some manner linked together by microtubules. It is interesting to note that long linear arrays Proc. Natl. Acad. Sci. USA 73 (1976) 4579 of transmembrane linkages could produce extended "picketfence" structures in the cross section of the membrane, consisting of regularly spaced receptor molecules spanning the membrane (see Fig. 2b in ref. 5 ). Those membrane molecules that were incapable of penetrating the interstices in the "picket-fence" would be prevented from large-scale lateral movement in the membrane even if they were not bound to the Con A receptors. This mechanism might account in part for the apparent immobilization of many other receptors in the lymphocyte surface that is induced by Con A binding to the cell.
Transmembrane linkage phenomena of the kind we have described may therefore be characteristic of Con 
